In frog oocytes, activation of mitogen-activated protein kinase (MAPK, ERK) leads to activation of cdc2 and germinal vesicle breakdown (GVBD). By contrast, in starfish, MAPK is activated after GVBD. Here we have examined the relative involvements of MAPK and cdc2 in GVBD of Chaetopterus oocytes. MAPK was rapidly tyrosine-phosphorylated and activated (within 1-2 min) in response to exposure of the oocytes either to natural seawater (the normal trigger of GVBD in this organism) or to the tumor-promoting phorbol ester 12-O-tetradecanoylphorbol 13-acetate (TPA), which can also elicit GVBD. This response preceded the tyrosine dephosphorylation and activation of cdc2 by several minutes. MAPK phosphorylation and activation were transient, lasting only until GVBD occurred and the spindle migrated to the cortex. The enzyme was not phosphorylated again as a result of egg activation. These results are consistent with the hypothesis that the activation of MAPK has a role in GVBD. However, PD 98059, a potent and selective inhibitor of MEK, the protein kinase that phosphorylates and activates MAPK, blocked the phosphorylation of MAPK but did not block GVBD, the dephosphorylation and activation of cdc2, or spindle formation and migration. Oocytes that underwent GVBD in PD 98059 could be fertilized and cleaved normally. Ionophore A23187, although it caused germinal vesicles to disappear and caused transient phosphorylation of MAPK, did not cause dephosphorylation of cdc2, and therefore this disappearance is artifactual. These results suggest that MAPK activation is neither obligatory nor sufficient for either GVBD or meiotic metaphase arrest in Chaetopterus and that activation of MAPK and cdc2 occur on independent, parallel pathways. ᭧ 1997 Academic Press
INTRODUCTION
transduction and amplification. This kinase family and its activation cascade are also highly conserved (Boulton et al., Cell cycle progression to M phase is regulated by a com-1991; Campbell et al., 1995; ; Levin plex series of protein kinases and phosphatases and their and Errede, 1995; Kyriakis and Avruch, 1996) . MAPKs are effectors. The key component of this series is the cdc2 proactivated as the result of phosphorylation by a dual-specitein kinase. It associates with a regulatory subunit, cyclin ficity (tyrosine and threonine) kinase called MEK that is, B, and undergoes sequential inhibitory and stimulatory itself, usually activated by an upstream kinase of the Raf phosphorylations which depend, in turn, on whether the family. Rafs are activated by Ras-type G proteins. Ras can cell has passed through an internal checkpoint in G2. Cdc2, be activated either by receptor protein-tyrosine kinases or and cyclins are highly conserved from yeasts through verteby heterotrimeric G-proteins that are themselves activated brates.
by other cell surface receptors. In addition to Raf, other Animal primary oocytes are arrested in early prophase of protein kinases including Mos, MEKK, and possibly protein meiosis I. Meiotic cell division, in contrast to mitotic cell kinase C (PKC) can phosphorylate and activate MEK (Campdivision, depends on the response of the oocyte to extracelbell et al., 1995) . lular signals. These include hormones (e.g., vertebrates and Several studies have implicated the MAPK cascade in the starfish) and fertilization (e.g., the clam, Spisula); in some initiation of GVBD. In the frog, inhibition or depletion of organisms (e.g., Chaetopterus) the signals are unknown. It MAPK activity blocks GVBD . MAPK is unclear how these extracellular signals are transduced becomes tyrosine phosphorylated at GVBD (Jessus et al., and amplified to elicit the transition to M phase, character-1991) , and this phosphorylation is dependent on MEK activized by germinal vesicle breakdown (GVBD).
ity (Kosako et al., 1994b) ; MEK is activated as a result of The MAPK family, also known as the extracellular signalphosphorylation by the protein product of the protooncogene Mos (Nebreda and Hunt, 1993; Posada et al., 1993 ; regulated kinase (ERK) family, could be involved in this Shibuya and Ruderman, 1993) . Mos protein is synthesized assembly, and migration nor the maintenance of metaphase arrest. de novo when oocytes are exposed to progesterone , the hormonal stimulus of GVBD. Mos synthesis also leads to activation of cdc2, and this effect is
MATERIALS AND METHODS
dependent upon MAPK function (Huang and Ferrell, 1996) . Finally, microinjection of constitutively active MAPK into Oocytes frog eggs leads to activation of cdc2 and GVBD (Haccard et Hill (1996). et al., 1995; Haccard et al., 1995) , and MAPK may elicit
The oocytes were induced to undergo GVBD by exposure either GVBD through feedback on newly synthesized Mos (Matten to Millipore-filtered (0.2 mm) NSW or to either 100 nM 12- O-tetraet al., 1996) . decanoylphorbol-13-acetate (TPA) or 60 mM ionophore A23187 in
Other studies indicate that MAPK has an essential role CaFASW. TPA and A23187 were kept as 10 mM stocks in DMSO. GVBD was scored by phase-contrast microscopy. Oocytes matured in cytostatic factor (CSF), the activity responsible for meifor 30 min in NSW were activated by addition of 2.5 M KCl to a final otic metaphase arrest. Mos is an essential component of 100 mM. Polar body formation was monitored by phase-contrast CSF , MEK activity is essential for the microscopy and taken as evidence of egg activation. development of CSF (Kosako et al., 1994a) , and constitu- (Kosako et al., 1994a) .
was used from 10 mM stocks in DMSO. Concentrations of DMSO Though the data are limited, the frog model may not be up to 1% have no effect on these eggs.
widely applicable. Recent studies in starfish oocytes suggest that MAPK down-regulates a process that maintains cdc2
Electrophoresis and Immunoblotting
in its inactive form (Abrieu et al., 1997) , but since MAPK Oocyte samples were cultured for the desired time, collected by is activated only after activation of cdc2 (Picard et al., 1996) brief centrifugation, dissolved in SDS sample buffer (Laemmli, this cannot be a major factor in the regulation of cdc2 in 1970) supplemented with 0.1 mM Na 3 VO 4 and 1 mM NaF, and these oocytes. Nor can MAPK activation in starfish be heated to 100ЊC for 3-5 min. Samples (3-5 ml, equivalent to 45-linked to CSF, because starfish oocytes do not arrest at 70 mg protein or approximately 250-400 oocytes) were subjected metaphase. In the mouse oocyte, Mos is necessary for actito electrophoresis on 12 or 10% T/2.6% C minigels and transferred vation of MAPK, but not that of cdc2; several studies have electrophoretically to PVDF membranes. These were blocked with suggested an effect of MAPK on meiotic spindle assembly 5% nonfat milk and 0.1% Tween 20 in PBS and probed with anti- (Choi et al., 1996; Verlhac et al., 1996) and/or nuclear enve-MAPK, anti-tyrosine-phosphorylated MAPK (both included in the PhosphoPlus MAPK Antibody Kit, Catalog No. 9100, New England lope assembly and dissassembly (Moos et al., 1995 deal., 1978) . The natural trigger for GVBD is an unknown tected by chemiluminescence. According to the instruction manucomponent in NSW (Ikegami et al., 1976) , but phorbol esters als, the phospho-specific MAPK polyclonal antibody to a synthetic can elicit a morphologically normal GVBD with activation tyrosine-phosphorylated peptide corresponding to residues 196-of cdc2 (Eckberg and Carroll, 1987; Eckberg and Palazzo, 209 of human p44 MAPK detects phosphorylated Y-204 of Erk1 and 1992; Eckberg et al., 1996) . Indeed, it is likely that PKC, Erk2 homologs from yeast through vertebrates, but does not crossreact with p38 MAPK or JNK/SAPK; the control MAPK polyclonal the intracellular phorbol ester receptor, plays a significant antibody was produced against a synthetic peptide corresponding to role in transducing the stimulus for GVBD (Eckberg et al., residues 350-360 of p44
MAPK
. The phospho-specific cdc2 polyclonal 1996). Whether induced by NSW or by PKC activators, the antibody to a synthetic tyrosine-phosphorylated peptide correoocytes arrest again at metaphase I; thus the entry into M sponding to residues 6-24 of human cdc2 detects phosphorylated phase occurs independently of subsequent cell cycle events.
Y-15 of cdc2 and cdk2, but does not cross-react with other tyrosineHere, we have examined the possible involvement of phosphorylated proteins.
MAPK in GVBD and metaphase arrest in Chaetopterus oocytes. The results show that MAPK is activated very and Fujisawa, 1989; Shibuya et al., 1992) . Gels were cast as above with and without 0.5% myelin basic protein (MBP, Life Technologies) added to the gel mix. After electrophoresis SDS was removed by two 30-min washes with 100 ml (all volumes are per gel) 20% isopropanol, 50 mM Tris-HCl, pH 8.0, and a 1-hr wash in 250 ml 1 mM DTT, 50 mM Tris-HCl, pH 8.0. Proteins were denatured in two 30-min washes with 100 ml 6 M guanidine-HCl, 20 mM DTT, 2 mM EDTA, 50 mM Tris-HCl, pH 8.0. Proteins were allowed to renature at 4ЊC with five changes (over 18 hr), 100 ml each, of 1 mM DTT, 2 mM EDTA, 0.04% Tween 20, 50 mM Tris-HCl, pH 8.0. Gels were then incubated in 10 ml of 1 mM DTT, 0.1 mM EGTA, 20 mM MgCl 2 , 10 mg/ml synthetic cAPK inhibitor (Sigma), 10 mM R24571, 40 mM Hepes-NaOH, pH 8.2; MBP kinase activity was subsequently assayed by a 12-hr incubation at room temperature in 10 ml of the same buffer supplemented with 30 mM ATP and 100 mCi [g-32 P]ATP (New England Nuclear). The reaction was stopped with six 1-hr washes in 5% TCA containing 1% Na-pyrophosphate. The gels were dried and autoradiographed.
cdc2 Kinase Assay
Cdc2 activity was assayed by a modification of our previous procedure (Eckberg and Palazzo, 1992) . Oocytes were incubated 15 min in CaFASW, NSW, or CaFASW containing TPA. Other oocytes were preincubated for 30 min in 100 mM PD 98059 in CaFASW followed by incubation in either NSW or CaFASW containing TPA for 15 min. Oocytes were then centrifuged, suspended in 2 vol assay buffer (60 mM b-glycerophosphate, 30 mM p-nitrophenylphosphate, 15 mM Hepes-NaOH, pH 7.2, 15 mM EGTA, 1 mM DTT, 10 mM NaF, 15 mM MgCl 2 , 0.1 mM Na 3 VO 4 , 1 mM benzamidine, 25 mg/ml leupeptin, 25 mg/ml aprotinin), and frozen at 080ЊC.
Lysates were thawed on ice and centrifuged 15,000 rpm for 15 min at 2ЊC. Six-microliter aliquots of the supernatants were added FIG. 1. Immunoblot showing tyrosine phosphorylation of MAPK to 4 ml assay buffer with or without 250 mM olomucine (Promega) before GVBD in Chaetopterus oocytes. Blots were reacted with an and incubated for 5 min at 2ЊC. Then 10-ml assay buffer containing antibody specific for tyrosine-phosphorylated MAPK. The top panel 200 mM ATP, 100 mCi/ml [g-32 P]ATP, 100 mg/ml histone (type IIIS, shows the phosphorylation in oocytes induced to undergo GVBD Sigma), and 10 mg/ml synthetic cAPK inhibitor was added and the by natural seawater (NSW). The bottom panel shows MAPK phossamples were incubated 15 min at 22ЊC. For samples preincubated phorylation in oocytes induced to undergo GVBD by 100 nM TPA. with olomucine, the assay buffer also contained 100 mM olomucine.
Symbols: M, control nonphosphorylated mammalian MAPK; PM, Then an equal volume of 21 SDS sample buffer was added and the control tyrosine-phosphorylated mammalian MAPK; the numbers samples were heated to 100ЊC and subjected to electrophoresis on refer to minutes after exposure to the initiating stimulus. GVBD 13.5% T/2.6% C gels. Gels were stained with Coomassie blue, occurs about 8 min and metaphase arrest occurs by 15 min after dried, and autoradiographed. exposure to either stimulus. Mobilities of molecular mass standards are given in kDa on the far left.
RESULTS
first contacted NSW, at which time the oocytes were ar-
MAPK Phosphorylation and Activation Precede
rested at metaphase I.
GVBD
Control experiments (Fig. 2) were performed using an antibody that recognizes a different domain of the MAPK proExposure of oocytes to NSW resulted in rapid, transient, tyrosine phosphorylation of a MAPK with an electrophotein and does not discriminate between its tyrosine-phosphorylated and nonphosphorylated forms. The amount of retic mobility very slightly slower than that of tyrosinephosphorylated mammalian p42 MAPK (Fig. 1) . Phosphoryprotein recognized by this antibody did not change during or after GVBD, showing that the decrease in MAPK tyrosine lated MAPK could be detected within 1 min of exposure of the oocytes to seawater and reached a peak 3-4 min later.
phosphorylation after GVBD is due to dephosphorylation and not to degradation of the protein. This antibody recogAfter GVBD occurred at 8-9 min and metaphase spindles migrated to the cortex 12-15 min after exposure of the nized two proteins, the p42/p44 MAPK and another of slightly larger apparent molecular mass. Its identity is unoocytes to NSW, MAPK tyrosine phosphorylation decreased, becoming undetectable by 30 min after the oocytes known; it may be another member of the MAPK family, phosphorylation in the same region of the gel as the protein recognized by the MAPK antibodies. MAPK was greatly activated in oocytes stimulated to undergo GVBD by either NSW or TPA. Indeed, MAPK represents a very large proportion of the MBP kinase activity in the gels from oocytes stimulated to undergo GVBD. Another kinase of approximately 180 kDa was also capable of phosphorylating MBP, but its activity did not change in oocytes undergoing GVBD. Three other kinases of approximately 90, 55, and 52 kDa were not selective for MBP and their activities did not change in oocytes undergoing GVBD.
MAPK Is Not Activated as the Result of Egg Activation
In Spisula oocytes, GVBD is a part of the egg activation program after fertilization, and MAPK is phosphorylated (Fig. 4) . The results showed that MAPK is not tyrosineon the far left. phosphorylated after egg activation. Control experiments (Fig. 2) showed that MAPK protein persists at the same concentration after egg activation, even though it is not tyrosine-phosphorylated or (evidently) enzymatically acbut if so, it does not become tyrosine-phosphorylated at GVBD so it must not be a part of the signal transaction pathway at GVBD. We have recently reported (Eckberg et al., 1996) that another antibody to mammalian MAPK recognizes two polypeptides in Chaetopterus oocytes of these molecular masses. The present results demonstrate that although MAPK becomes tyrosine-phosphorylated prior to GVBD, no mobility difference between tyrosine-phosphorylated MAPK (5 and 10 min after exposure to NSW) and nonphosphorylated MAPK (0 and 20 min after exposure to NSW) can be detected in our gel system. This confirms our previous observations, but demonstrates that our earlier conclusion-that MAPK is not activated prior to GVBDis incorrect.
Exposure of oocytes to 100 nM TPA in CaFASW also resulted in rapid tyrosine phosphorylation of MAPK (Fig.  1) . The response was slightly but reproducibly more rapid in oocytes induced to undergo GVBD by TPA than in those stimulated with NSW. Furthermore, MAPK phosphorylation persisted longer in oocytes stimulated with TPA than in those stimulated with NSW. Experiments using antibody to control MAPK gave similar results in both TPA-stimulated and NSW-stimulated oocytes (Fig. 2) .
FIG. 3. In-gel kinase assay of Chaetopterus oocyte proteins. The
We performed in-gel kinase assays to determine whether gel on the left was cast with 0.5 mg/ml myelin basic protein (MBP) tyrosine-phosphorylated MAPK shows increased enzymatic in the gel mix; that on the right was cast without it. The arrow activity (Fig. 3) . Gels lacking MBP exhibited a band at the indicates the position of MAPK. Oocytes were exposed to the idenmolecular mass of MAPK whose activity increased in ootified treatment (CaFASW, NSW, or TPA) for 5 min prior to lysis cytes stimulated to undergo GVBD with either NSW or in SDS sample buffer. Mobilities of molecular mass standards are given in kDa on the far left.
TPA. Gels containing MBP exhibited greatly increased
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FIG. 5.
Immunoblot analysis of MAPK tyrosine phosphorylation after other treatments. Blots were reacted with the antibody used in Fig. 1 . Oocytes were either exposed to ionophore A23187 in CaFASW (top panel) or they were exposed to PD 98059 in CaFASW for 30 min and then to the same antagonist in NSW (lower panel).
FIG. 4. Immunoblot analysis showing MAPK is not tyrosine-
The symbols are as given in the legend to Fig. 1 . Mobilities of phosphorylated after egg activation by KCl. Blots were reacted with molecular mass standards are given in kDa on the far left. the antibody used in Fig. 1 . Numbers represent time in minutes after exposure of metaphase-arrested oocytes to 100 mM KCl in NSW. Other symbols are as given in the legend to Fig. 1 . Mobilities of molecular mass standards are given in kDa on the far left.
These then became ameboid but did not cleave. Ameboid contraction without cleavage is characteristic of the early phases of differentiation without cleavage (Eckberg and Anderson, 1995) , the result of parthenogenetic activation or tive. Thus the activation of MAPK is specific to the initiapolyspermic fertilization in this organism (Lillie, 1902) . tion of GVBD.
cdc2 Dephosphorylation Follows MAPK MAPK Is Phosphorylated in Response to Ionophore Phosphorylation A23187
cdc2 becomes activated in Chaetopterus oocytes undergoConcentrations of ionophore A23187 known to elicit ing GVBD (Eckberg and Palazzo, 1992) . We used immu-GVBD (Eckberg and Carroll, 1982 ) also elicited MAPK phosnoblotting to test whether this enzyme becomes tyrosine phorylation (Fig. 5) . Like that induced by NSW or TPA, the dephosphorylated in these oocytes before GVBD. In contrast phosphorylation induced by treatment of the oocytes with to previous results using probes for phosphotyrosine that ionophore was rapid and transient, following a time course were not selective for cdc2 (Eckberg et al., 1996) , we found very similar to that in oocytes stimulated by NSW or TPA.
that cdc2 becomes dephosphorylated on tyrosine at GVBD whether induced by NSW or by TPA (Fig. 6) . However, the
MAPK Is Phosphorylated by MEK prior to GVBD
PD 98059 is a selective inhibitor of MEK and therefore inhibits the activation of MAPK (Alessi et al., 1995; Dudley et al., 1995) . Prior exposure of oocytes to 30 mM PD 98059 completely blocked tyrosine phosphorylation of MAPK in response to both NSW (Fig. 5 ) and TPA (data not shown). This indicates that MEK is responsible for phosphorylating and activating MAPK before GVBD.
Phosphorylation of MAPK Is Not Required for GVBD or Spindle Formation
Exposure of oocytes to PD 98059 at concentrations as high as 100 mM failed to block or even delay GVBD in re- underwent GVBD in TPA and PD 98059 could be fertilized. dephosphorylation and activation of cdc2 is gradual and not complete until 15-20 min after exposure of the oocytes to the stimulus. Thus it is delayed several minutes relative to the phosphorylation of MAPK (cf. Fig. 1 ). The gradual dephosphorylation correlates with gradual activation of cdc2 previously reported (Eckberg and Palazzo, 1992) . It is interesting that GVBD occurs before this protein is completely dephosphorylated. Similar results have been reported for Spisula oocytes (Shibuya et al., 1992) . phosphorylation and activation of cdc2. Cdc2 tyrosine phosphosphorylation was assayed. Proteins were separated by SDS-PAGE; gels were dried and autoradiographed. Right panel: Assay phorylation decreased in oocytes that had been treated with was carried out similarly, except that 100 mM olomucine was in-PD 98059 and had not undergone MAPK activation (Fig. cluded in the assay mix to inhibit cdc2 activity. This reduced his-7), as it did in controls undergoing GVBD. Kinase assays tone H1 phosphorylation by at least 90%.
confirmed that the treatment of oocytes with PD 98059 did not prevent the activation of cdc2 (Fig. 8) .
Further indication that cdc2 dephosphorylation is independent of MAPK activation came from studies of iono-GVBD and takes place several minutes before cdc2 becomes phore A23187-stimulated oocytes. Although MAPK became activated. The evidence for such activation comes from imtyrosine-phosphorylated within 2-3 min in response to the munoblotting studies using an antibody specific for the tyionophore, cdc2 did not become tyrosine-dephosphorylated rosine-phosphorylated active form of the enzyme and is coneven after a half hour exposure to ionophore A23187 (Fig. firmed by in-gel protein kinase assays. Nevertheless, activa-7), despite the fact that the germinal vesicles disappeared in tion of MAPK does not appear to be essential for either less than 15 min. Since cdc2 is not activated in ionophore-GVBD, spindle formation, metaphase arrest, or subsequent treated oocytes, even though MAPK is, activation of MAPK normal development. The evidence for this is that PD need not lead to activation of cdc2.
98059, a specific inhibitor of MEK, blocks MAPK activation but does not inhibit any of these cellular processes and that exposure of the oocytes to ionophore A23187 activates
DISCUSSION
MAPK but not cdc2. Evidence obtained in frog oocytes suggests that activation The results of the present study demonstrate that MAPK of MAPK may be an important component of the signal is rapidly and strongly activated prior to GVBD in Chaetopttransduction cascade leading to activation of cdc2 and erus oocytes. This activation is specific to the induction of GVBD (Posada and Cooper, 1992; Kosako et al., 1994b; Huang and Ferrell, 1996) . Progesterone somehow initiates Mos mRNA polyadenylation (Sheets et al., 1995) ; this increases the synthesis of Mos protein . Mos phosphorylates and activates MEK (Posada et al., 1993; Shibuya and Ruderman, 1993; Shibuya et al., 1996) , which then phosphorylates and activates MAPK. Further evidence indicates that MAPK has an essential role in CSF. Mos is an essential component of CSF . MAPK phosphorylation is essential for the development of CSF activity, and MAPK dephosphorylation may be responsible for the disappearance of CSF after fertilization (Kosako et al., 1994a) . Finally, constitutively active MAPK can itself activate CSF (Haccard et al., 1993) .
FIG. 7. Immunoblot analysis of tyrosine-15 phosphorylation of
The extent to which the frog signal transduction pathway cdc2 after other treatments. Blots were reacted with the antibody at GVBD is a model for that in other organisms is unclear. activation occurs after cdc2 activation (Picard et al., 1996;  for GVBD in this organism. The results of this study provide further support for the hypothesis that PKC is a key regulator of GVBD in this organism (Eckberg and Carroll, 1987; Eckberg and Palazzo, 1992; Eckberg and Szuts, 1993; Eckberg and Anderson, 1996; Eckberg et al., 1996) . We have previously shown that PKC activa- Abrieu et al., 1997) , so it cannot be an absolute prerequisite for cdc2 activation. In the mouse oocyte, Mos is necessary tion can elicit GVBD and a constellation of biological and biochemical responses associated with it. Indeed, we have yet for activation of MAPK, but not cdc2 or GVBD; however, MAPK may affect meiotic spindle assembly (Choi et al., to find a single biochemical or morphological process associated with GVBD in this organism that is not triggered by 1996; Verlhac et al., 1996) and/or nuclear breakdown and reformation (Moos et al., 1995 (Moos et al., , 1996 . activators of PKC. The present study adds the activation of MAPK to this constellation, but clearly shows that the mechaThe results of the present study as well are inconsistent with an interpretation in which the activation of MAPK is nism by which PKC activates MAPK is a separate pathway from that by which PKC activates cdc2 (Fig. 9) . either necessary or sufficient for the activation of cdc2 and GVBD or for the maintenance of CSF and metaphase arrest.
We suggest the following as the mechanism of activation of MAPK by PKC (Fig. 9) . Since Raf-1 is a known substrate If MAPK activation were essential for the activation of cdc2, GVBD and cdc2 tyrosine dephosphorylation should not of PKC in mammalian cells (Kolch et al., 1993) and is known to mediate some effects of PKC in vivo (Bruder et have occurred in oocytes treated with PD 98059 in which MAPK was not activated. If MAPK were required for metaal., 1992), we suggest that PKC phosphorylates and activates a member of the Raf family. Raf then phosphorylates and phase arrest, they should not have arrested at M phase, because MAPK became dephosphorylated before metaphase activates MEK, which phosphorylates and activates MAPK. Since diacylglycerol, the physiological activator of PKC, is arrest, and PD98059 did not block metaphase arrest. Thus active MAPK is not essential for the maintenance of CSF synthesized abundantly before GVBD induced by NSW (Eckberg and Szuts, 1993) , it is likely that this same pathway or metaphase arrest in these oocytes. The present results are also inconsistent with an interpretation in which MAPK is activated in normally induced GVBD. Though they rule out several possible answers, the preshas an essential role in spindle organization, since polar body formation and cleavage were normal in fertilized eggs ent results do not answer the question of why MAPK is activated before GVBD. MAPK becomes greatly activated that underwent GVBD in PD 98059.
Long ago, we reported that GVBD in Chaetopterus ooin many, if not all, oocytes in association with GVBD, and this activation is specific to GVBD. If it is an essential signal cytes could be triggered by ionophore A23187 (Eckberg and Carroll, 1982) , suggesting a role for increased intracellular for cdc2 activation, Chaetopterus oocytes treated with PD 98059 and starfish oocytes, in which MAPK is activated free Ca 2/ in this response. However, later attempts to measure a Ca 2/ response in naturally induced oocytes using after cdc2, should not activate cdc2 or undergo GVBD, but they do. If the only function of MAPK is to activate CSF, microinjected semisynthetic recombinant aequorins were unsuccessful (A. L. Miller and W. R. Eckberg, unpublished why does MAPK become activated in starfish oocytes that do not undergo metaphase arrest, and how do Chaetopterus observations) despite our ability to measure large waves of Ca 2/ at egg activation (Eckberg and Miller, 1995) , indicating oocytes arrest at metaphase in the presence of PD 98059? If the function of MAPK is to control spindle organization, that increased cytoplasmic free Ca 2/ is not a normal signal
